INTRODUCTION

Soil washing
Particle separation techniques based on size or density differences are standard operations in the supply of clean sand for concrete, road-building and in mining technology . Variations of such techniques namely soil washing have been investigated for their potential application in remediation of contaminated soil , and constitute one of few options in the treatment of heavy metal (HM) contaminated soil. Through soil washing, the oversize material can be cleaned simply by waterrinse. The fine and coarse sands can be treated by density/gravity separation processes, followed by an extractive soil washing where an appropriate extractant is added. The remaining silts and clays, which generally contain the highest concentrations of contaminants, are dewatered and treated by stabilization/solidification techniques to immobilize the contaminants . However, fines are dewatered with difficulty: minimum 45% water-content after thickening and pressurized belt filter press . Including a volume increase due to the stabilization/solidification-process, the final volume of contaminated material may well resemble the initial even though a considerable volume of clean materials has been obtained. The limited success of soil washing can largely be attributed to this troublesome treatability and handling of the fine fraction. Attempts have been made 2 to use the contaminated fines for brick-and roof-tile fabrication for which clay is a natural raw material. However, legacy-and confidence matters have restrained this
solution . An introduction of an efficient unit-process for decontamination of the fines is necessary to make soil washing an environmentally and economically profitable process, where contaminated soil is remediated and well-defined materials for construction-purposes are produced.
With the objective to develop a method for treatment of the remaining fines from soil washing, this work aims at investigating the feasibility of Electrodialytic remediation (EDR) of Pb-contaminated fines in suspension. Influence of L/S and current were identified as important, basic parameters, and therefore this work focuses on elucidation of remediation dependency on these.
EDR of Pb from fine-grained material in suspension
EDR is an electrokinetic remediation method, where ion-exchange membranes function as barriers, which physically hinder intrusion of hydrogen and hydroxideions from the electrode processes into the contaminated material. EDR of HM contaminated soils has up till now been tested only for stationary set-ups.
However, EDR of fine materials was already tested in suspension (non-stationary set-up) for fine-grained material, such as municipal solid waste incineration (MSWI) fly ash , wood combustion fly-ash , straw combustion fly-ash , wastewater sludge and contaminated harbor sediments . These materials are difficult to handle in solid form, and therefore the suspended EDR setup was introduced .
In MSWI fly ash, Pb was found to be the least mobile of the contaminating metals, and only 8% was removed after 3 weeks of remediation (0.796 mA/cm 2 and 3 L/S-ratio 6.5) . 
MATERIALS AND METHODS
Soil
The experimental soil is an industrially contaminated Danish soil of unknown origin, characterized in as soil 10 to be rich in carbonate and feldspar, low in organic matter and relatively rich in phosphate. SEM-EDX analysis revealed a mixed Pbpool, where Pb was identified in association with iron/aluminum-minerals, metallic alloys, solder, chloride and pure (possible metallic) Pb .
The soil-fines were obtained by simple wet-sieving of the original soil with distilled water through a 0.063mm sieve. A concentrated slurry of fines was obtained by centrifugation at 3000rpm for 10 min. followed by decantation of the supernatant. The soil-fines were kept as slurry and stored at 5ºC in presence of oxygen. Prior to an experiment, distilled water was added to the slurry to obtain the wished L/S-ratio.
Characterization 6
The original soil as well as the fines were analyzed for the following parameters: followed by evaporation of the liquid at phase 85ºC until it had reduced to < 1ml by removal of the lid. The addition of 5.0 ml 8.8M H 2 O 2 was repeated followed by resumed heating to 85ºC for one hour and removal of the lid for evaporation until almost dryness. After cooling down, 25.0 ml 1M NH 4 OOCCH 3 pH 2 was added, and extraction took place for 16 hours. IV) Finally digestion according to DS 259 was made for identification of the residual fraction. Between each step the sample was centrifuged at 3000rpm for 15min, and the supernatant was decanted and stored for AAS analysis. Before addition of the new reagent the sample was washed with 10.0ml distilled water for 15min, centrifuged at 3000rpm for 15min and the supernatant was decanted. All extractions were performed at room temperature while shaking at 100rpm unless otherwise mentioned. All analyses were made in triplicate except CEC and sequential extraction which were made in double. 8
Remediation experiments
Electrodialysis experiments were made in cylindrical Plexiglas-cells with three compartments. Compartment II, which contained the soil-slurry was 10 cm long and 8 cm as an inner diameter. The slurry was kept in suspension by constant stirring with plastic-flaps attached to a glass-stick and connected to an overhead stirrer (RW11 basic from IKA). The anolyte was separated from the soil specimen by an anion-exchange membrane, and the catholyte was separated from the soil specimen by a cation-exchange membrane. Current, voltage and pH in all chambers as well as conductivity in chamber II, were measured approximately once every 24 hours. During the electrodialysis experiments current passed between the electrodes. Due to electrode processes pH-changes occurred in the electrolytes, and pH in the electrolytes was manually kept between 1 and 2 by addition of HNO 3 and NaOH.
To investigate the influence of current strength and L/S, 12 experiments were made according to table I. It was earlier shown that Pb in this soil and most other soils desorb at pH < 2, why all experiments were run until pH in chamber II was decreased to < 2 by the water splitting process. Also CEC is higher, probably due to higher fraction of organic matter and clayminerals. In contrast the phosphate-content is lower. 063-0.080mm; 3: 0.080-0.125mm; 4: 0.125-0.250mm; 5: 0.250-1.000mm; 6:1.000-2.000mm; 7: 2.000-4.000mm; 8: > 4.000mm.
In figure 3 .2, the desorption dependency on pH from the original soil and the soil fines is illustrated. At pH below 2 most of the Pb is desorbed from both materials, and their extraction-patterns are very similar. 
EDR experiments
Water splitting and current efficiency
In the A-series of experiments, the time to reach pH <2 decreased with increased L/S, as expected, due to presence of less soil and therefore less buffer capacity of the slurry. In the B-series and even more pronounced in the C-series however, other mechanisms influence the acidification of the slurry. In the B-series time to reach pH <2 was decreasing from experiment 1 through 3; while increasing dramatically in experiment 4. In the C-series time to reach pH <2 is increased compared to the B-series although current was increased, and within the series itself an increase was observed throughout the whole series. The effect was even more pronounced when calculated as hours to reach pH <2 pr. g of soil. The reason for this increase we believe is the exceeding of the limiting current-density for the cation-exchange membrane resulting in production of hydroxide-ions. The lack of ions becomes more pronounced as L/S and current increases due to less soil material to supply the ions and more ions necessary for transport. With production of both hydrogen and hydroxide-ions in the cell, acidification was impeded. In addition, part of the current was transported by hydrogen and hydroxide-ions, resulting in a decreased current efficiency (‰ of the charge carried by Pb
2+
) as seen for experiments B4 and C2-C4. The described processes became more pronounced the more current was forced at the system. In general however, current efficiency was approximately 10 times larger than when remediating harbor sludge probably because the soil contains less soluble salts competing for the current. Experiment C4 is an example of the utmost consequence of forcing too much current over the system: the lack of ions became pronounced, and even water splitting was unable to compensate. As a result resistance increased dramatically, and the constant current-density could not be kept.
The mechanisms are illustrated in detail in figure 3 .4 showing the conductivity of the soil-slurry as a function of time; figure 3.5 illustrating the pH-development and figure 3.6 showing the voltage-development. After a "lag-period", conductivity increased in all experiments except C4. The extent of the "lag-period" was related to the current-density and L/S relationship with a longer "lag-period" for experiments with high current density and high L/S. The conductivity of the soilslurry in all experiments in the A-series, as well as B1-B3 and C1 started to increase after approximately 150 hours. While the conductivity increase for experiment B4, C2 and C3 appeared after almost 400, 450 and 620 hours respectively and the conductivity increase in C4 was never observed. In figure 3 .5 the pH-development is illustrated. All experiments except C4 reached <2, and were then terminated. As already discussed, the time to reach pH<2 within each series of experiments depends on the L/S-ration for experiments not affected by water splitting at the cation-exchange membrane (A1, A2, A3, A4, B1, B2, B3).
During the lag-phase we believe that soluble salts including carbonates were removed from the soil. As the buffer-capacity was spend, the excess production of Based on these findings, it was decided to repeat experiment C1 (experiment C1a) however, now running for 11.5 hours/gram soil for direct comparison with experiment C2. An additional experiment with further increased current density and high L/S (D1a) was also run for 11.5 hours/gram soil (see table II for details).
Results of these two experiments are included in figure 3.8. The result of experiment D1a showed that remediation is possible to levels below the governmental limit set by the Danish EPA for sensitive land use (40 mg/kg).
Results of experiments C1 and C1a show how the removal rate decreases as the removal proceeds, because increasing amounts of H + -ions compete for the transport. In consistence with this, current efficiency also decreases. In order to remediate efficiently it could therefore be beneficial to apply a number of reactors in series, where the initial reactor works at the highest possible removal rate, and the final reactor works at the target Pb-concentration. As conductivity increases with time the removal rate could be increased in secondary reactors by increasing current. 
CONCLUSIONS AND FUTURE RECOMMENDATIONS
With EDR in suspension, it is possible to remediate soil-fines completely, even from a soil with a high carbonate-content. During EDR of soil-fines in suspension, the lack of free anions results in water splitting at the anionexchange membrane, resulting in acidification of the soil-slurry and mobilization of Pb. At high current densities and/or L/S, the lack of free cations results in water splitting at the cation-exchange membrane, resulting in production of hydroxide-ions and impeding the acidification of the soil. Water-splitting and remediation are highly dependent on L/S and current density. The optimal current density decreases linearly with increased L/S in the investigated region.
The most efficient remediation is obtained when applying a current just below the limiting current for the cation-exchange membrane. Best results considering remediation rate were obtained at L/S 3.5 and current density of 0.8 mA/cm 2 .
Voltage can be used as a control-parameter for application of the ideal current.
